Viviparity has evolved from oviparity at least 150 independent times in vertebrates. More than 80% of these transitions have occurred in squamate reptiles, where both reproductive modes are rarely seen in different populations of the same species. This condition (bimodal reproduction) is ideal for studying the physiological and morphological changes underpinning the evolution of reproductive mode, and their genetic determinants. Here we analysed the genomes of Zootoca vivipara populations with either oviparous or viviparous reproduction using a RAD sequencing approach. No signature of interbreeding between oviparous and viviparous individuals was found. We conservatively identified 22 annotated coding sequences in genes potentially associated with parity mode differences. Six of these genes are transcription regulators that are also expressed in reproductive tissues of mammals and reptiles, suggesting that changes in gene expression are important for the evolution of viviparity. Using a more inclusive approach based on contigs mapping in either coding or non-coding regions, 45 genes were identified. Twelve of these candidate genes are transcription regulators and four encode protease enzymes. We propose that the evolution of proteases may support morphological changes to the uterus during pregnancy. This study provides the foundation for further experimental studies of the genetic basis of parity mode in Z. vivipara.
INTRODUCTION
Reproductive mode fundamentally affects life-history patterns of living organisms, and it is associated with the evolution of a complex assortment of morphological structures and physiological functions. Scientists have always been fascinated by the variation in reproductive mode across kingdoms (Angelini & Ghiara, 1984; Holsinger, 2000; Touchon & Warkentin, 2008) , and even within the same species (Guillette, 1982; Adams et al., 2007; Sandrock, Schirrmeister & Vorburger, 2011) but the understanding of the suite of genomic changes associated with, and possibly driving, this transition is still very limited.
Among vertebrates, the two main types of reproductive mode are oviparity (mothers lay eggs) and viviparity (embryos develop inside the body of the parent, which then gives birth to live offspring). More than 150 independent transitions to viviparity from an oviparous ancestor have been described (Blackburn, 2015; Griffith et al., 2015) , with physical changes required to allow for pregnancy, including the development of mechanisms to exchange respiratory gasses, water and nutrients, and to regulate immunity (Thompson & Speake, 2006; Van Dyke, Brandley & Thompson, 2014) . These changes can be achieved by changes in gene regulation, which alter the physical properties of cells in reproductive tissues, or by re-patterning of reproductive tissues so that they behave differently (Griffith et al., 2016b; Griffith & Wagner, 2017 ). An example of the latter is the reduction in uterine glands in viviparous Zootoca vivipara, which resulted in reduced shell thickness and allowed greater exchange of materials through pregnancy (Heulin et al., 2005) . By comparing specific traits, genes and genomes between closely related viviparous and oviparous taxa, it is possible to identify the mechanisms that underlie the evolutionary transition from oviparity to viviparity (Murphy & Thompson, 2011) .
Within Squamata (lizards and snakes), there are also peculiar cases of closely related lineages that display different reproductive modes (i.e. oviparous and viviparous populations within the same species). In fact, four species show geographic variation in reproductive mode, namely the Australian scincid lizards Lerista bougainvillii and Saiphos equalis (Smith & Shine, 1997; Qualls & Shine, 2006) , the South American water snake Helicops angulatus (Braz, Scartozzoni & Almeida-Santos, 2016 ) and the Eurasian lacertid lizard Z. vivipara (Surget-Groba et al., 2006) . These species provide ideal models for studying morphological and physiological modifications as well as the genetic processes underlying the transition from oviparity to viviparity. The focus of the present study is Z. vivipara.
Zootoca vivipara is distributed throughout Europe and Asia, and it is one of the reptile species with the widest distribution. The vast majority of populations, from Japan to Central Western Europe, including the British Isles and Scandinavia, are viviparous and are classified as Zootoca vivipara vivipara. Distinct but related viviparous mitochondrial clades are classified as Zootoca vivipara pannonica and Zootoca vivipara sachalinensis (Surget-Groba et al., 2001 ), but in this paper, we use only the nominal subspecies Z. v. vivipara to identify the viviparous group. Two disjunct oviparous populations exist and are classified as Zootoca vivipara louislantzi and Zootoca vivipara carniolica. Zootoca vivipara louislantzi occurs in the Pyrenees, and its overall genetic affinity within the viviparous clade supports the hypothesis of a secondary reversion to the oviparous reproductive mode (Surget-Groba et al., 2006) . Zootoca vivipara carniolica is distributed in Alpine regions in northern Italy, southern Austria, Slovenia and Croatia and is considered the ancestral oviparous form (Surget-Groba et al., 2001) . The alternative hypothesis of ancestrality of both oviparous groups, accompanied by multiple independent origins of viviparity, although less parsimonious, cannot be excluded, and more developmental and physiological evidence is required to separate these hypotheses (Griffith et al., 2015) .
An important aspect of the phylogeography within this species is that viviparous lineages also occur beyond the Arctic Circle, whereas oviparous lineages are present only in the southern margin of species distribution (Sillero et al., 2014) , where average temperatures are warmer. This scenario is in agreement with the 'cold-climate hypothesis' that posits that evolution of viviparity is more likely at low environmental temperatures, and also with the observation that live-bearing species are generally distributed in colder habitats than egg-laying taxa (Shine, 2005; Rodríguez-Díaz & Braña, 2012; Cornetti et al., 2015a) . In Z. vivipara, viviparity probably evolved as a consequence of selective pressure caused by cold climatic conditions during Pleistocene glacial phases (Surget-Groba et al., 2001) , and the newly evolved reproductive mode then allowed viviparous populations to colonize the vast majority of Eurasia (Cornetti et al., 2014) .
The evolution of viviparity requires specific developmental changes to support pregnancy. These changes include regulatory mechanisms that maintain embryos in utero through development, mechanisms to support embryonic gas exchange through pregnancy and mechanisms to transport calcium to embryos in the absence of eggshell-derived calcium (Thompson & Speake, 2006; Stewart, Ecay & Heulin, 2009; Murphy & Thompson, 2011; Stewart et al., 2011; Stewart, 2013) . The evolution of innovations in organisms is achieved through both changes in the peptide sequence of genes, resulting in proteins with novel functions, and changes in gene expression (Rawn & Cross, 2008) . By inducing the expression of genes normally expressed elsewhere in the organism, tissues can take on novel functions (True & Carroll, 2002) . Comparative studies between oviparous and viviparous populations of Z. vivipara failed to identify differences in the expression of interleukin genes and their receptors (Paulesu et al., 2005) . Furthermore, studies on hormone-related genes and angiogenic factors have also failed to identify expression profiles correlated with reproductive mode (Whittington et al., 2015a; Griffith et al., 2017) . However, transcriptome sequencing of the uterus of the African ocellated skink, Chalcides ocellatus, and the Australian Southern grass skink, Pseudemoia entrecasteauxii, reveals large changes in gene regulation through pregnancy (Brandley et al., 2012; Griffith et al., 2016b) . Given that viviparity requires substantial changes in gene expression to support the function of pregnancy, a plausible hypothesis to test is that genetic changes responsible for the evolution of viviparity mostly occur in regions of the genome responsible for gene regulation.
Here we used RAD (restriction-site associated DNA) sequencing of Z. vivipara from populations showing different reproductive modes. We initially compared the new genomic data with previous mtDNA and microsatellite inference to better understand the geographic structure of this species. We subsequently focused on the identification of genomic regions or genes possibly associated with the different reproductive modes, by contrasting allele frequencies of oviparous and viviparous populations and conducting genotype-phenotype association tests.
MATERIAL AND METHODS

Sampling, Dna extraction anD library preparation
Forty tail tips of Z. vivipara adults were collected to cover most of the mitochondrial lineages described in Surget-Groba et al. (2006) . The capture and handling of lizards complied with national and international ethical guidelines, and the Italian Ministry of Environment and the Environmental Unit of the Autonomous Province of Trento approved capture, handling and tissue sampling (DPN/2D/2003/2267 and 4940-57/B-09-U265-LS-fd). We used tail tissues from individuals already analysed for phylogeographic studies (Surget-Groba et al., 2006; Cornetti et al., 2014 Cornetti et al., , 2015a . All the individuals were previously sequenced at mitochondrial DNA gene cytochrome b for subspecies assignment because no single morphometric trait can distinguish the Z. vivipara subspecies (Guillaume et al., 2006) . Our sample set included ten individuals of the oviparous subspecies Z. v. carniolica from the European Alps (mtDNA: clade A), seven individuals of the oviparous subspecies Z. v. louislantzi from the Pyrenees (mtDNA: cladeB), 17 individuals of the viviparous subspecies Z. v. vivipara from the European Alps (mtDNA: clade E), plus six additional viviparous individuals of Z. v. vivipara representing two additional mtDNA clades (four from clade D and two from clade F). Most of the described mtDNA clades are thus considered (see Supporting Information, Table S1 ).
Genomic DNA was extracted using the QIAGEN DNeasy Blood and Tissue Kit (QIAGEN Inc., Hilden, Germany). DNA was treated with RNaseA (QIAGEN) and quantified with the fluorometer Qubit 2.0 (Invitrogen). We then prepared libraries for reducing the complexity of the genome by fragmenting genomic DNA with a restriction enzyme (RAD sequencing [Baird et al., 2008] ). We digested, with SbfI, 1 μg of DNA for each individual sample in a 50 μL reaction volume. P1 adapter, containing unique barcode, was ligated onto complementary compatible ends for each sample. Individually barcoded samples were pooled and then sheared to an average size of 500 bp using the ultrasonicator Covaris S220 (Covaris Inc., Woburn, MA, USA). A size selection by means of agarose gel extraction was performed to restrict the size range of fragments to that which can be efficiently sequenced on an Illumina flow cell (300-500 bp). Library preparation was completed after ligating P2 adapters that allowed amplification of fragments that incorporated both P1 and P2. The library was run on one lane using Illumina HiSeq2000 and the 100 bp paired-end protocol, at the GenePool (Edinburgh, Scotland).
Single-nucleotiDe polymorphiSm genotyping
Quality of the raw Illumina reads was examined with FastQC v0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), especially for evaluating the possible decrease in quality score along the read length. In fact, reads were trimmed after 75 bp to avoid including low-quality sequence fragments; barcodes and restriction sites were also trimmed resulting in a final read length of 64 bp. Reads with ambiguous barcodes, ambiguous restriction sites or showing low quality were discarded. The quality of the reads was analysed using sliding windows of a length corresponding to 15% of the length of the read. The average quality score was calculated within each window. Whenever the base call accuracy dropped below 90%, corresponding to a Phred score of 10, the read was discarded. Additionally, to have a non-redundant data set, reads identified as PCR clones (i.e. identical in both paired-ends) were reduced to a single copy. The remaining single-end reads (sequences flanking the restriction sites) were then used for single-nucleotide polymorphism (SNP) calling with the software Stacks v 1.02 (Catchen et al., 2013) . More specifically, the Perl script denovo_map.pl was used (1) to align single-end reads into exactly matching stacks, setting six reads as the minimum coverage for each stack; (2) to compare stacks for obtaining a set of loci and call SNPs using a maximum likelihood framework (Hohenlohe et al., 2010) ; and (3) to build a catalogue of loci against which all samples were compared. The programme populations implemented in Stacks was used to export genotypes.
genomic Divergence among inDiviDualS anD groupS
A triangular matrix of genetic distances computed as 1 minus the fraction of shared alleles among pairs of individuals was visualized by a multidimensional scaling (MDS) using cmdscale and by a neighbor-joining (NJ) tree using ape (R Core Development Team, 2015) . The genomic composition of each individual sampled in the Alps (where the oviparous and the viviparous forms are geographically close and overlap in some areas) was analysed using the methods implemented in STRUCTURE (Pritchard, Stephens & Donnelly, 2000) and Treemix (Pickrell & Pritchard, 2012) . The number of groups in Structure (K) was allowed to vary from 2 to 4, running ten independent runs (for each K) consisting of 500 000 iterations after a burn-in period of 100 000. The analyses were performed twice, allowing a maximum of either 20 or 30% of missing data. Treemix was run allowing zero to five migration edges among the major five groups and computing the fraction of explained variance for each model (a model being a population divergence tree with different numbers of migration edges).
Defining SnpS poSSibly involveD in the Switch in reproDuctive moDe
We defined SNPs that were identified by at least two of three different methods as candidate loci potentially associated with transitions between reproductive modes. We used in this analysis all the SNPs with up to 50% of missing data.
The first method was developed specifically for this species, where the transition between oviparity and viviparity occurred more than once due to a reversal event in Z. v. louislantzi from a viviparous ancestor (Surget-Groba et al., 2006) or, less likely, to multiple origins of viviparity. The method controls for the global evolutionary divergence between oviparous and viviparous subspecies not related to the different reproductive modes, by plausibly assuming that the same relevant loci changed during the reproductive mode transitions occurred within this species. Candidate SNPs were conservatively identified when they simultaneously satisfied the following extreme conditions: Figure S1 .
Second, we used the method genome-wide efficient mixed-model association (GEMMA) (Zhou & Stephens, 2012) , which calculates statistical genotype-phenotype association implementing the GEMMA algorithm. The univariate linear mixed model with Wald test was used, providing as input files the subset of markers with less than 50% of missing data and a centred genotype relatedness matrix estimated from our genotypes. P-values from the Wald test were corrected for multiple testing (Benjamini & Hochberg, 1995) , and SNPs with corrected P-values lower than 0.05 were retained as possibly associated with the reproductive trait.
Third, we tested for significant association between genotypes and the reproductive mode with TASSEL 4.0 (Bradbury et al., 2007) . We initially estimated the genetic composition of each individual and the most probable number K of genetically homogeneous groups using STRUCTURE v2.3.4 (Pritchard et al., 2000) running ten independent runs consisting of 500 000 iterations after a burn-in period of 100 000 for all K values between 1 and 5. This analysis was conducted on a subset of 3000 randomly selected unlinked SNPs among the total number of polymorphisms obtained (see below). The most likely number of K (K = 3) was estimated using STRUCTURE HARVESTER (Evanno, Regnaut & Goudet, 2005; Earl & VonHoldt, 2012) . The resultant Q-matrix and a kinship matrix were used to correct for population structure in the mixed linear model (Zhang et al., 2010) applied for genotype-phenotype association implemented in TASSEL. The genotype association with the trait (reproductive mode, oviparity or viviparity) was considered to be significant if P < 0.05, after correction for multiple testing (Benjamini & Hochberg, 1995) .
linking polymorphiSmS unDer Selection with annotateD geneS
Both single-end RAD-seq loci and the mini-contigs generated using the paired-end reads were blasted against a DNA data set of 21 913 Anolis carolinensis complete genes [exons and introns, extracted from ENSEMBL database using BIOMART (Smedley et al., 2015) ] with dc-megablast (Morgulis et al., 2008) , to identify putative homologous genes between the two species. Mini-contigs for each RAD locus were assembled from paired-end reads using the Perl script exec_velvet.pl implemented in Stacks. Only sequences showing at least 80% of identity for at least 40% of their length were retained. We also followed a protein-based reciprocal blast approach to identify putative homologous genes. All the possible translations of the loci putatively under selection were blasted with tBLASTx (Camacho et al., 2009) to the translated A. carolinensis transcriptome. The best hits were blasted back (again with tBLASTx) to all the translated RAD contigs. Two lists of putatively homologous genes between Z. vivipara and A. carolinensis were then obtained. In the c-list (conservative list), we included only the genes showing an E-value < 10 −6 in the forward or the reverse fragment under the DNA and the protein approaches. We included in the i-list (inclusive list) the genes identified by either the DNA or the protein approaches (i.e. the genes in the c-list plus the genes identified only by one approach). PantherDB (Thomas et al., 2003) was used to identify the Gene Ontology (GO) category of each gene in the p-list. A test of overrepresentation was finally performed on the p-list and the i-list using an integrated tool in PantherDB. Specifically, we compared the proportions of GO terms in the set of loci putatively associated with the transition in reproductive mode with the proportions observed in the A. carolinensis genome.
RESULTS
Snp genotyping
The RAD sequencing experiment produced 146 439 826 paired-end raw reads. We discarded reads with ambiguous barcodes (24 270), ambiguous restriction sites (31 474 031) and reads with low base call accuracy (5 830 599). PCR clones, corresponding to 59.4% of the total, were reduced to a single copy. The accession for the Illumina reads in SRA is SRP109076, while the BioProject accession is PRJNA390236. Stack files will be available upon request. Genotypic calling was performed using the retained 22 197 925 single-end reads. According to the decay in quality score along read length indicated by FastQC, we trimmed the last 25 bp to guarantee reliable SNP calling. We identified a total of 45 151 contigs and 80 792 SNPs (minimum coverage of 6× in at least two individuals), selected from the single-end reads showing no more than five polymorphisms. These SNPs were used to describe the overall genetic variation within and between lineages. Details of the reads and the average coverage per individual are given in Supporting Information, Table S1 .
phylogeographic analySiS
The MDS plot (Fig. 1A) supports the existence of three major genomic groups, clearly corresponding to the different reproductive modes and the different evolutionary history of the oviparous populations that has been suggested for this species (Surget-Groba et al., 2001) . Along the first axis, the oviparous Z. v. carniolica (the group with the ancestral oviparous state) is separated from a group composed by the viviparous Z. v. vivipara individuals and the oviparous Z. v. louislantzi, with the latter probably having a secondary derived mode of reproduction evolved from a viviparous ancestor (Surget-Groba et al., 2006) . The individuals sampled in the same Eastern Alps area but with different reproductive mode (Z. v. carniolica and Z. v. vivipara, see Fig. 1A ) are genetically very different, supporting the hypothesis that hybridization does not occur (or does not produce offspring) in natural sympatric conditions (Cornetti et al., 2015b) . Zootoca v. vivipara and Z. v. louislantzi then form two distinct groups separated along the Y-axis (Fig. 1A) . There is also genetic substructure, especially in the individual tree (Fig. 1B) , in Z. v. vivipara, where individuals belonging to different mtDNA clades and sampled in different countries show some level of genetic heterogeneity. The total number of SNPs used in the MDS analysis and in the NJ tree was 80 792, and the average number of SNPs used in the pairwise comparisons was 7795.0. The individuals sampled in the Alps and analysed with STRUCTURE (ten belonging to the Z. v. carniolica mtDNA oviparous lineage, and 19 to the Z. v. vivipara mtDNA viviparous lineage) can be unequivocally be assigned to either the Z. v. carniolica or the Z. v. vivipara clades, without signatures of hybridization (Fig. 2) . It is worth noting that, with K = 2, two viviparous individuals from Austria (sampled far from the region were the two forms overlap geographically) seemed to show a mixed contribution, but with K > 2, it becomes clear that the apparent oviparous ancestry found for K = 2 corresponds actually to a second viviparous component. Finally, when the Treemix approach was applied to all the five major groups, a tree with zero edges (i.e. no admixture) explained 99.85% of the variance. When a single migration edge was allowed, this was found to join two geographically and genetically close viviparous populations (Alps and Central Europe), and the variance explained by the model reaches 100%. In other words, a model without any introgression between viviparous and oviparous groups is able to entirely explain the genetic data.
geneS with SnpS correlateD with the Switch in reproDuctive moDe
The analysis aimed at the identification of genes associated with reproductive mode was performed on a restricted set of 4908 SNPs with less than 50% of missing data. This analysis extracted 217 SNPs in 175 loci ( Supporting Information, Fig. S2 ). A set of 34 loci were identified as putative homologs of an A. carolinensis gene using the DNA (BLAST) approach, and 33 loci were identified as putative homologs of an A. carolinensis gene using the protein (tBLASTx) approach. The c-list included 22 genes (genes identified by both approaches), and the i-list included 45 genes (genes identified by at least one approach). All these genes are listed in Supporting Information, Table S2 . It is important to note that the two approaches use different data and should not be considered as two alternative methods to find the same set of SNPs. For example, relevant genes without RAD loci in the coding region cannot be found by the protein-based approach, and large divergence at synonymous sites can prevent mapping when the DNA-based approach is used. In other words, even if genes in c-list are directly associated with SNPs in the coding region that safely map both at the DNA and at the protein level, this list probably fails to identify other relevant genes. We therefore believe that also the genes included in the i-list, but not in the c-list, should be evaluated with attention.
The biological role of the candidate genes is rather heterogeneous (see Supporting Information, Table S3 ), with a range of GO terms that include cytoskeleton organization, protease function, immune system processes, metabolic processes, transport, protein folding, cell adhesion, signalling and regulation of transcription. The small number of loci with a large variety of functions is probably responsible for the observed lack of significance in overrepresentation of GO terms considering both the c-list and i-list (see Supporting Information, Table S4 for the overrepresentation analysis performed on the c-list). Nevertheless, ~27 and 29% of the genes in the c-list and i-list, respectively, can be classified as transcription regulators, and 9% of the genes in the i-list are protease enzymes (Table 1) .
DISCUSSION
This study is the first analysis of the genomic differences between populations of the common lizard Z. vivipara with different reproductive modes across et al., 2015b) . We conservatively identified 22 annotated genes putatively associated with different reproductive modes based on their pattern at the coding sequence and their significant mapping (both at protein and DNA level) to the reference genome of A. carolinensis. Additional 23 genes were found when mapping was based only on the DNA or on the protein approach. These genes are associated with diverse biological processes, which probably reflect the complex changes to physiology and morphology that occur in the transition from oviparity to viviparity. However, a considerable fraction of these candidate genes (almost 30%, independently of how candidate genes are identified) are involved in transcriptional regulation. We suggest that these genes play an important role in the transition between oviparity and viviparity, and we discuss this point in the following section.
reproDuctive moDe anD gene expreSSion
We identified 12 candidate genes putatively involved in transcriptional regulation (Table 1) . Changes to the protein sequence of regulators of transcription (e.g. transcription factors and cofactors) can result in changes to both the expression and diversity of target genes (Hsia & McGinnis, 2003) . The physiological effects of changes to regulatory proteins will depend on where these proteins are expressed, how the polymorphism alters the amino acid sequence and the targets that the regulators interact with. Of our 12 candidate genes classified as transcriptional regulators, at least three genes are regulators of uterine development in eutherians. Their identification as candidates producing parity mode differences by our RAD-seq analysis further supports the involvement of these transcriptional regulators in the evolution of reproductive mode in Z. vivipara.
The evolution of viviparity is likely to involve physiological changes to three distinct tissues: the uterus, the ovary and extra-embryonic membranes. We used data from the Human Protein Atlas (Uhlén et al., 2015) to identify whether our candidate regulators of transcription are expressed in human female reproductive tissues: either the endometrium, ovary, or trophoblast (referred to as the placenta in the Human Protein Atlas). In humans, the trophoblast forms from the chorioallantoic membrane, a tissue homologous to that forming the embryonic component of the placenta in Z. vivipara. All 12 transcriptional regulators exhibited protein localization in one of these tissue types, except EIF4E2. Furthermore, all 12 regulators are also expressed in the uterus and chorioallantoic membrane of both oviparous and viviparous skinks (Griffith et al., 2016a (Griffith et al., , b, 2017 , suggesting that these regulators may be ancestrally expressed in the female amniote reproductive tract and extra-embryonic membranes. Given that the majority of these genes localize to reproductive tissues in mammals and are expressed in the squamate uterus and embryonic placental tissues, any modification to their protein sequence, which results in changes in protein function, will alter the gene expression landscape, potentially altering the reproductive physiology of Z. vivipara. One of the striking genomic level changes observed in viviparous lizards is that they exhibit complex changes in uterine gene expression during pregnancy and appear to have a new pregnancy-specific state of gene regulation (Griffith & Wagner, 2017; Griffith et al., 2016b) . Therefore, it is exciting that our study has identified a significant number of transcription factors that are expressed in the uterus of both viviparous and oviparous lizards. Furthermore, three of these transcription factors are known to have important regulatory functions in the uterus of mammals during pregnancy, and we discuss them in detail: DACH2, SOX9 and NOTCH1.
The Dachshund Family Transcription Factor 2 (DACH2) is a transcription co-factor with highly conserved protein interacting domains. Knockouts of DACH2 in female mice result in developmental failure of the female reproductive tract (Davis et al., 2008) . Knockouts in males produce no similar defect, suggesting that the gene is important for the specialization of the female reproductive tract in mammals. In Drosophila, Dachshund, an ortholog of the human DACH2 gene, facilitates development of the male and female reproductive tract (Keisman & Baker, 2001) , suggesting that the function of this gene is broadly conserved across bilateral animals. Furthermore, DACH2 is expressed in the oviduct of both viviparous (P. entrecasteauxii) and oviparous scincid lizards (L. bougainvillii and Lampropholis guichenoti; Griffith et al., 2016b) .
SOX9 is another putative transcriptional regulator identified in our study. In mammals, transcription factor SOX9 is important for the development of the male phenotype. While SOX9 is crucial for male development, the protein is also important for the development of glandular epithelium in the human endometrium (Gonzalez, 2012) . SOX9 is expressed in the uterine tissue of both gravid and non-reproductive oviparous and viviparous skinks, and may therefore also be important for squamate uterine development (Brandley et al., 2012; Griffith et al., 2016b) .
NOTCH1 is a cell surface receptor in the NOTCH signalling pathway and is important for regulating cell-fate determination. NOTCH1 is a key regulator of endometrial remodelling during pregnancy. Specifically, NOTCH1 is essential for the maintenance of endometrial stromal cells and decidualization of the uterus (PrabhuDas et al., 2015) . Decreased NOTCH1 production is associated with endometriosis in women (Su et al., 2015) . Uterine remodelling is probably a fundamental process for viviparous amniotes as it is necessary for the increased uterine vasculature necessary for embryonic gas exchange (Griffith & Wagner, 2017) . The role of NOTCH1 in Z. vivipara during reproduction requires further characterization but, as in mammals, evolution of the NOTCH1 gene may allow for changes in gene expression associated with the remodelling of the uterus for pregnancy in viviparous lizards. Together, these results suggest that DACH2, SOX9 and NOTCH1 are likely to function as regulators of uterine development in Z. vivipara. Changes in the protein sequence of these genes may result in changes in uterine gene regulation, potentially providing the regulatory changes necessary to support the evolution of viviparity.
Our data set identifies SNPs in key regulatory genes that are correlated with changes in reproductive mode. These candidate genes could support the gene expression changes required for the evolution of viviparity, which have been shown in other studies (Brandley et al., 2012; Griffith et al., 2016b) . However, more work is needed to test whether this correlation is causative; in particular, transcriptomic studies are needed to identify changes in gene regulation consistent with changes in reproductive mode, followed by functional studies to test the impacts of the identified SNPs in Z. vivipara tissues in vitro.
reproDuctive moDe anD enzymeS
A final comment is dedicated to the candidate genes that may be involved in the evolution of viviparity by modifying the properties of enzymes in reproductive tissues. In fact, about 10% of the genes found in the most inclusive list (4 out of 45) encoded protease enzymes. Proteases are enzymes that cleave proteins at specific amino acid sites inside cells. These enzymes play an important role in the development of the uterus and placental tissues during pregnancy in both mammals and reptiles (Salamonsen & Nie, 2002; Song, Spencer & Bazer, 2005; Song et al., 2010; Brandley et al., 2012; Griffith et al., 2016b) and are also critical for processes of pregnancy in viviparous fishes including seahorses (Whittington et al., 2015b) . In the viviparous skink C. ocellatus, the expression of Cathepsin L accounts for 5% of total uterine transcription during pregnancy (Brandley et al., 2012) . The association of protease genes with lizard reproductive mode and the expression of proteases in the amniote uterus suggest that changes to the chemical properties of proteases may result in functional modification of these enzymes. We propose that the three protease genes expressed in the uterus or extra-embryonic membranes of Z. vivipara support changes to uterine morphology during pregnancy.
CONCLUSIONS
The evolution of viviparity from oviparity requires a suite of physiological changes to reproductive tissues that facilitate the internal incubation of embryos. Our results support the idea that these physiological changes are underpinned by modifications at a correspondingly extensive suite of genes, making the multiple origins of viviparity in vertebrates (Blackburn, 2015) even more remarkable. Our identification of regulator genes involved in the transition between reproductive modes confirms recent evidence of large-scale regulatory changes involved in the evolution of mammalian and reptile pregnancy (Griffith et al., 2016b; Lynch et al., 2016) .
While our RAD-seq approach has identified genes associated with parity mode in Z. vivipara, these findings represent a correlation rather than a detailed identification of causal genetic changes involved in transitions between reproductive modes. This work provides the foundation for functional analyses of the candidate Z. vivipara genes identified here, which will ultimately be required to determine their mode of action and potential role in driving the evolution of viviparity.
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